We have recently demonstrated that during pacing-induced sustained ventricular fibrillation (VF), perfusion of the heart with either ruthenium red (RR) or Ru 360, blockers of the mitochondrial Ca 2+ uniporter, resulted in the reversible conversion of VF to ventricular tachycardia (VT). Here we aimed at elucidating the electrophysiological mechanisms for the RR-induced conversion of VF to VT. The experiments were performed using Langendorff perfused isolated rat hearts in which left ventricular pressure (LVP) and left ventricular intracellular action potential were recorded. Perfusion with either RR or Ru 360 resulted in decreases in the action potential duration (APD 90 ), refractory period (RP), and slope of APD restitution curves. These changes were antagonized by co-treatment with Bay K 8644. In addition, perfusion with verapamil produced the decreases in APD 90 , RP, and slope of APD restitution curves similar to the RR or Ru 360 perfusion. Such electrophysiological changes may be responsible for the reversible conversion of sustained VF to VT caused by perfusion with RR or Ru 360.
Introduction
Ventricular fibrillation (VF) and reentrant ventricular tachycardia (VT) are the major immediate causes of sudden cardiac death [1] . Clinical studies have shown that VF is almost always preceded by VT of variable duration, from a few to many beats [2, 3] . Also in the isolated rat heart, a spontaneous transition from VT to VF is frequently observed during reperfusion after global ischemia [4] . We have recently demonstrated that perfusion of isolated rat hearts with ruthenium red (RR) or Ru 360, blockers of Ca 2+ uptake by mitochondria, resulted in the reversible conversion of pacing-induced sustained VF to VT, suggesting that changes in mitochondrial Ca 2+ uptake were possibly involved in the transition between VT and VF [5] .
The RR-induced reversible conversion of sustained VF to VT is antagonized by co-treatment with S(-)-Bay K8644, an activator of L-type Ca 2+ channels, suggesting that the inactivation of L-type Ca 2+ channels is responsible for the RR-induced effect on the macro-dynamics of hearts [5] . In addition, we have also demonstrated that perfusion with verapamil, a blocker of L-type calcium channels, during sustained VF resulted in the reversible conversion of VF to VT [6] .
Rate-dependent alterations of action potential duration (APD) are known to reflect the dependence of APD on the preceding diastolic interval (DI), a relationship characterized by electrical restitution [7] [8] [9] . Previous experimental and computer simulation studies have suggested that the kinetics of electrical restitution have important implications for the development of ventricular arrhythmias [10] [11] [12] . In particular, a steep slope for the restitution relation has been suggested to be crucial to determining whether single spiral waves of electrical activity split into multiple smaller spirals, resulting in the transition from VT to VF [13, 14] .
Flattening of the APD restitution curve with verapamil, diacetyl monoxime [15] , and bretylium [16] has been shown to convert VF to a periodic rhythm, or VT in canine or porcine ventricles.
In this study, we have tried to elucidate whether and how perfusion of isolated rat hearts with either RR or Ru 360, blockers of the mitochondrial Ca 2+ uniporter, produced electrophysiological changes contributing to the RR-or Ru 360-induced conversion of sustained VF to VT in isolated rat hearts.
Materials and methods
The animal experiments conformed to the "Principles of laboratory animal care" (NIH publication No. 85-23, revised 1996), as well as the "guide for the care and use of laboratory animals", Hokkaido University School of Medicine.
Preparation of isolated heart
Male Wistar rats (8 weeks old, 240-260 g) were anesthetized with diethylether and administered heparin at 400 U/kg intravenously. The chest was opened, the aorta cannulated, and the heart excised and immediately placed in ice-cold Krebs-Henseleit bicarbonate (KHB) buffer. The heart was then connected to the Langendorff apparatus and perfused through the aorta in a non-recirculating constant pressure mode.
A water-filled elastic balloon was inserted into the left ventricle via the left atrium. The left ventricular pressure (LVP) was monitored by a pressure transducer (DT-XXED, Ohmeda, Madison, WI) connected to the balloon, and was continuously monitored and recorded. The initial value of the end diastolic pressure (EDP) was set to 7-10 mmHg by adjusting the volume of the balloon. The intracellular action potentials (AP) of the left ventricular (LV) muscles 6 were recorded with machine-pulled glass capillary electrodes filled with 3 M KCl. To avoid motion artifacts caused by rhythmic contractions of LV muscles in the AP recordings, purpose-built suction and floating electrodes [17] were used for recording APs.
Standard restitution protocol
Hearts were perfused for 20 min with KHB solution (equilibrium period).
Enamel-insulated copper wires ( diameter, 70 μm) were inserted into the left ventricular muscle. The left ventricle was then electrically stimulated with these electrodes at an intensity equal to of 3 times the threshold for electrical activation. The dependence of action potential duration (APD) on the preceding diastolic interval (DI) was determined with the use of a standard S1-S2 protocol [18] . Single test pulses (S2) were delivered after every 20 th basic pulse (S1) at a basic cycle length (BCL) of 200 ms. This BCL was used because it was the shortest cycle length at which no alternation of APD occurred in the rat hearts used in this experiment. The S1-S2 coupling interval was progressively shortened in steps of 5-10 ms starting from 80 ms until the premature pulse was blocked. The point at which the premature pulse was blocked was defined as the refractory period (RP). After that, the S1-S2 interval 7 was increased from 90 ms in steps of 10 ms, and the diastolic interval (DI)-APD at 90% repolarization (APD 90 ) relationship was measured.
Drugs used
RR, verapamil, and S(-)-Bay K8644 (Bay K) were obtained from Sigma (St. Louis, MO).
Ru360 was obtained from Calbiochem (La Jolla, CA). The other chemicals were from Wako Chem (Tokyo, Japan).
Statistics
The data are expressed as the mean±S.D. Comparisons were performed using the one-way analysis of variance (ANOVA) followed by a paired t-Test. A P value of less than 0.05 or 0.01 was considered statistically significant.
Results
We first investigated whether and how perfusion of isolated hearts with 5 μM ruthenium red (RR), a blocker of mitochondrial Ca 2+ uptake, changed the action potential duration (APD) of left ventricular muscles, left ventricular developed pressure (LVDP), and refractory period (RP). RR perfusion resulted in a significant shortening of APD at 90% repolarization (APD 90 ), and in a significant decrease in LVDP ( Fig. 2A ).
We then investigated the RR-induced changes in the RP.
Before the start of the perfusion (control), successive stimuli (S1 & S2) with a 50 ms interval induced AP ( Fig. 1B1 , left), but those with a 40 ms interval did not ( Fig. 1B1, right) . In contrast, during RR perfusion, successive stimuli with a 40 ms interval at the same stimulus intensity induced the AP (Fig. 1B2, right) , indicating that the perfusion shortened the RP. After the washout of RR, the stimuli with a 40 ms interval did not induce AP ( Fig. 1B3, right) . A statistical analysis revealed that RR perfusion significantly decreased the RP reversibly ( Fig.   2B ).
We then investigated the RR-induced changes in the APD restitution curve: that is, the relationship between APD 90 and diastolic intervals (DI) ( Fig. 3) . Perfusion with 5 μM RR resulted in a flattening of the APD restitution curve (Fig. 3A2 ) as compared with that before the start of perfusion (control) (Fig. 3A1 ). It also significantly decreased the maximum slope of the APD restitution curve, reversibly ( Fig.3B ).
To confirm that the RR-induced changes in the APD 90 , LVDP, RP and maximum slope of the APD restitution curve were caused by the RR-induced inhibition of Ca 2+ uptake by mitochondria, we perfused the heart with Ru 360, a specific blocker of the mitochondrial Ca 2+ uniporter in cardiac myocytes [19, 20] . Ru 360 (10 μM) perfusion significantly reduced the APD 90 , LVDP (Fig. 4A ), and RP ( Fig.4B ), reversibly. Ru 360 perfusion also decreased the maximum slope of the APD restitution curve ( Fig. 4C2 ) as compared with that before the onset of Ru 360 perfusion ( Fig. 4C1 ). In this heart, the maximum slope showed a rebound-like marked increase 5 min after the washout of Ru 360 ( Fig.4 C3) , and then gradually returned to that before Ru 360 perfusion.
We have recently demonstrated that the RR-induced reversible conversion of sustained VF to VT is antagonized by co-treatment with S(-)-Bay K8644 (Bay K), an activator of L-type Ca 2+ channels, suggesting that the inactivation of L-type Ca 2+ channels is responsible for the RR-induced effect on the macro-dynamics of hearts [5] . Therefore, we next investigated whether the RR-induced electrophysiological changes observed in Figs. 1 and 2 were also antagonized by co-treatment with Bay K. The RR (5 μM)-induced decrease in the APD 90 , LVDP and RP were significantly antagonized by co-treatment with 10 μM Bay K ( Fig. 5A and   5B ). In addition, co-treatment with RR and Bay K did not change the APD restitution curve:
that is, the co-treatment did not flatten the restitution curve (Fig. 5C ). These results suggested that the inactivation of L-type Ca 2+ channels is responsible for the RR-induced effect on the electrophysiological changes such as the decrease in APD 90 . In fact, perfusion of hearts with verapamil (600 nM), an antagonist of L-type Ca 2+ channels, resulted in a decrease in the APD 90 , LVDP and RP ( Fig. 6A and 6B ). Verapamil treatment also flattened the maximum slope of the APD restitution curve (Fig. 6C2 ) as compared with that before the onset of verapamil perfusion ( Fig. 6C1) , reversibly.
Discussion
The present study demonstrated that perfusion of isolated rat hearts with either ruthenium red (RR) or Ru 360, blockers of Ca 2+ uptake by mitochondria, resulted in a shortening of the action potential duration at 90% repolarization (APD 90 ), in a decrease in the left ventricular developed pressure (LVDP), and in the flattening of the maximum slope of the APD restitution curve.
Previous studies have shown that RR not only inhibits Ca 2+ uptake by mitochondria but also Ca 2+ release channels of SR [21], and sarcolemmal voltage dependent Ca 2+ channels [22] .
Thus, the question arises as to whether RR-induced reversible electrophysiological changes in the APD, RP, and APD restitution curve were caused by RR-induced pharmacological effects other than the inhibition of Ca 2+ uptake by mitochondria. However, perfusion of hearts with Ru 360, a specific blocker of the mitochondrial Ca 2+ uniporter [19, 20] , resulted in almost the same electrophysiological changes as those induced by perfusion with RR ( Figs. 4) , suggesting that the RR-induced shortening of APD, and decreases in the LVDP, RP, and maximum slope of APD restitution curve, were caused by the inhibition of Ca 2+ uptake by mitochondria.
In this study, perfusion of isolated hearts with either RR or Ru 360 resulted in a decrease in APD 90 In support of this idea, a recent study has revealed that the inhibition of mitochondrial Ca 2+ uptake by treatment with RR or Ru 360 results in a reduction in the activity of L-type Ca 2+ channels in rat hearts [19] . It is well known that the activity of L-type Ca 2+ channels is negatively regulated by an increase in intracellular Ca 2+ (Ca 2+ -dependent inactivation of L-type Ca 2+ channels) [23]. In addition, RR-induced electrophysiological changes were almost antagonized by co-treatment with Bay K, an activator of L-type Ca 2+ channels (Fig. 5 ).
Perfusion with verapamil, an antagonist of L-type Ca 2+ channels, resulted in a decrease in the APD 90 , LVDP and RP ( Fig. 6A and B) ; the effects were almost the same as those induced by RR or Ru 360. All these findings have led to the suggestion that the inhibition of mitochondrial Ca 2+ uptake with RR or Ru 360 decreased the APD 90 , RP, and slope of the APD restitution curve via RR-or Ru 360-induced inactivation of L-type Ca 2+ channels.
Previous experimental and computer simulation studies have suggested that the kinetics of electrical restitution have important implications for the development of ventricular arrhythmias [7-9]. In particular, a steep slope for the restitution relation has been suggested to be a crucial factor in determining whether single spiral waves of electrical activity split into multiple smaller spirals, resulting in the transition from VT to VF [13, 14] . In this study, perfusion of isolated hearts with RR or Ru 360 flattened the slope of the APD restitution curve ( Fig. 3 & Fig. 4 ). The question arises as to what mechanisms are involved in this effect on the APD restitution curve. A previous study has revealed that flattening of the APD restitution curve with verapamil [15] has been shown to convert VF to VT. In addition, perfusion of isolated rat hearts with verapamil flattened the APD restitution curve (Fig. 6 ). We have also demonstrated that verapamil perfusion converts the pacing-induced sustained VF to VT, reversibly [6]. All these findings have suggested that the RR-or Ru 360-induced change in the APD restitution curve was caused by the inactivation of L-type Ca 2+ channels.
In summary, the present study has suggested that the RR-or Ru 360-induced decrease in the APD, RP, and slope of the APD restitution curve was responsible for our previous finding Perfusion with an antagonist of L-type Ca 2+ channels produced similar electrophysiological changes to those evoked by treatment with ruthenium red (RR). Isolated hearts were perfused with 600 nM verapamil, an antagonist of L-type Ca 2+ channels. The perfusion resulted in a decrease in the action potential duration at 90 % repolarization (APD 90 ), left ventricular developed pressure (LVDP), refractory period (RP), and maximum slope of the APD restitution curve, reversibly. Data are expressed as the mean+SD (n=4). * p<0.05.
